Dillapiol was isolated from the essential oil of dill as a specific inhibitor of aflatoxin G 1 production. It inhibited aflatoxin G 1 production by Aspergillus parasiticus with an IC 50 value of 0.15 M without inhibiting aflatoxin B 1 production or fungal growth. Apiol and myristicin, congeners of dillapiol, showed similar activity with IC 50 values of 0.24 and 3.5 M, respectively.
Aflatoxins (AFs) are toxic and carcinogenic secondary metabolites produced by several species of Aspergillus, especially Aspergillus flavus and Aspergillus parasiticus. These fungi are cosmopolitan organisms which are able to contaminate a wide range of natural substrates including cereal grains, oil seeds, cottonseed, etc. This AF contamination in crops is a serious problem from the viewpoint of not only public health but also economic loss. 1, 2) However, it is difficult to resolve the problem due to lack of an effective method to control AF production.
Specific inhibitors of AF biosynthesis are possible candidates for useful chemicals to reduce AF contamination without incurring a rapid spread of resistant strains. [3] [4] [5] In this study, we carried out a screening search for new AF production inhibitors among the essential oils of Iranian medicinal plants. During the course of the screening, we found that the essential oil of dill (Anethum graveolens L.) inhibited the production of aflatoxin G 1 (AFG 1 ) by A. parasiticus without inhibiting that of aflatoxin B 1 (AFB 1 ) or fungal growth. It is known that AFB 1 and AFG 1 originate from the common biosynthetic precursor, O-methylsterigmatocystin (OMST, Fig. 1A ), but the conversion mechanism from OMST to AFB 1 or AFG 1 is not yet fully understood. 6) Since a specific inhibitor of AFG 1 production is a very useful probe to investigate its biosynthetic mechanism, the finding of the activity of dill essential oil toward AFG 1 production prompted us to isolate the active principle.
In this paper, we describe the isolation of dillapiol from dill as a specific inhibitor of AFG 1 production and the biological activity of dillapiol and its related compounds, apiol and myristicin, which were obtained from parsley (Petroselinum crispum).
The culture method with a microplate was used for Figure 2 shows the plates used for the bioassay to test the effect of dillapiol on AF production in a potato dextrose medium with serial two-fold concentrations. The fungal growth visually observed was not affected by the addition of dillapiol at any concentration tested. The amounts of AFB 1 and AFG 1 in the culture filtrate of each well were analyzed by HPLC. The production of AFB 1 (Fig. 3A) was not significantly affected by dillapiol, even at the concentration of 64 mM, whereas that of AFG 1 was strongly inhibited dose-dependently by it, with an IC 50 value of 0.15 mM (Fig. 3B) .
To obtain information on the structure-activity relationship of dillapiol, two related compounds, apiol and myristicin (Fig. 1B) , were prepared from the seed essential oil of parsley, and their effects on AF production by A. parasiticus were tested. Apiol inhibited AFG 1 production as strongly as dillapiol did, with an IC 50 value of 0.24 mM (Fig. 3D) . On the other hand, the inhibitory activity of myristicin toward AFG 1 production was weaker (IC 50 ¼ 3:5 mM) than that of apiol or dillapiol (Fig. 3F) . Neither apiol nor myristicin affected AFB 1 production by the fungus (Fig. 3C and E) .
Dillapiol is a phenylpropanoid with one methylenedioxy and two methoxy groups. It is known that dillapiol showed insecticide synergistic activity by inhibiting cytochrome P450 monooxygenases responsible for the metabolism of insecticides in insects. 8, 9) In this study, we found a new biological activity of dillapiol toward AF production. A. parasiticus was cultured with dillapiol at various concentrations for 4 days. The biosynthetic pathway for AFs contains many conversion steps catalyzed by more than 18 enzymes encoded in clustered genes. 6, 10) Among the conversion steps, the final one to afford each AFB 1 and AFG 1 from OMST (Fig. 1A) is most complicated and has not been clarified well. With respect to the enzyme involved in the conversion from OMST to AFB 1 , OrdA is identified as an enzyme involved in the conversion. 11) On the other hand, at least three enzymes, OrdA, CypA and an unknown one, are necessary for the conversion of OMST to AFG 1 .
12) Both OrdA and CypA belong to the cytochrome P450 monooxygenases. Since dillapiol did not inhibit the production of AFB 1 , dillapiol may selectively inhibit CypA or the unknown enzyme to stop the pathways from OMST to AFG 1 .
Apiol and myristicin have insecticide synergistic activity similarly to dillapiol.
13) The much weaker inhibitory activity of myristicin toward AFG 1 production than that of dillapiol or apiol may indicate that two methoxy groups are necessary for strong activity.
Dillapiol was obtained in the high yield of 4.6% from the leaf essential oil of dill. Since the content of the essential oil in the dill leaves was 3.0%, dillapiol was present in the leaves at a high concentration of more than 1000 ppm. This concentration of dillapiol in dill indicates that AFG 1 production by A. parasiticus infecting the dill plant may be strongly inhibited in nature, which might lead to a chemical ecological study on a relationship between a secondary metabolite of plant and pathogenic fungi.
Experimental
Plant materials. Anethum graveolens L. was collected from National Botanical Garden of Iran (NBGI) during June 2006. A voucher specimen is deposited at NBGI. The seed essential oil of parsley (Petroselinum crispum) was purchased from Quinessence.
Culture conditions. A potato dextrose (Difco) liquid medium was added to 24-well flat-bottom microplates in an amount of 1 ml/well and then inoculated with a spore suspension of Aspergillus parasiticus NRRL 2999 (1 Â 10 6 spores/well) prepared in distilled water containing 0.1% Tween 80. Different concentrations of each sample dissolved in MeOH (a final concentration of 1%) were added to the test wells before inoculation. The microplates were incubated for 96 h at 28 C in the static condition. The amounts of AFB 1 and AFG 1 , which were the major detectable aflatoxins produced in the culture filtrates under the culture conditions, were analyzed by HPLC (column: COSMOSIL 5-ph, 4:6 mm Â 150 mm, Nacalai Co.; isocratic elution of tetrahydrofuran-H 2 O (20:80, v/v); flow rate: 1.0 ml/minute; detection: 365 nm; the retention times of AFB 1 and AFG 1 were 5.0 and 6.3 minutes, respectively).
Isolation of dillapiol from the essential oil of dill. Silica gel (Wakogel Ò C-200, 50 g) was packed in a column with n-hexane. One gram of the essential oil prepared from A. graveolens L. was loaded on the column and eluted stepwise with n-hexane (500 ml) and n-hexane-ethyl acetate (95:5, v/v, 500 ml), successively. The latter fraction (232 mg) was purified by HPLC Isolation of apiol and myristicin. One gram of the seed essential oil of parsley was applied on a silica gel column and fractionated in the same manner as that just described for the essential oil of dill. The n-hexaneethyl acetate (95:5, v/v) eluate (396.0 mg) was chromatographed again in a silica gel column (25 g) by isocratic elution of n-hexane-ethyl acetate (95:5, v/v). The crude apiol fraction (145 mg) was further purified by HPLC under the same conditions as those used in the isolation of dillapiol to afford apiol (10.0 mg) and myristicin (16.5 mg 
